2+ homeostasis leads to excessive cytosolic Ca 2+ accumulation and delayed neuronal cell death in acute and chronic neurodegenerative disorders. While our recent studies established a protective role for SK channels against excessive intracellular Ca 2+ accumulation, their functional role in the ER has not been elucidated yet. We show here that SK2 channels are present in ER membranes of neuronal HT-22 cells, and that positive pharmacological modulation of SK2 channels with CyPPA protects against cell death induced by the ER stressors brefeldin A and tunicamycin. Calcium imaging of HT-22 neurons revealed that elevated cytosolic Ca 2+ levels and decreased ER Ca 2+ load during sustained ER stress could be largely prevented by SK2 channel activation. Interestingly, SK2 channel activation reduced the amount of the unfolded protein response transcription factor ATF4, but further enhanced the induction of CHOP. Using siRNA approaches we confirmed a detrimental role for ATF4 in ER stress, whereas CHOP regulation was dispensable for both, brefeldin A toxicity and CyPPA-mediated protection. Cell death induced by blocking Ca 2+ influx into the ER with the SERCA inhibitor thapsigargin was not prevented by CyPPA. Blocking the K + efflux via K + /H + exchangers with quinine inhibited CyPPA-mediated neuroprotection, suggesting an essential role of proton uptake and K + release in the SK channel-mediated neuroprotection. Our data demonstrate that ER SK2 channel activation preserves ER Ca 2+ uptake and retention which determines cell survival in conditions where sustained ER stress contributes to progressive neuronal death.
, B Honrath 1 , P Mahavadi 3,4 , R Dodel 2 , AM Dolga* , 1, 5, 6 and C Culmsee* , 1, 6 Alteration of endoplasmic reticulum (ER) Ca 2+ homeostasis leads to excessive cytosolic Ca 2+ accumulation and delayed neuronal cell death in acute and chronic neurodegenerative disorders. While our recent studies established a protective role for SK channels against excessive intracellular Ca 2+ accumulation, their functional role in the ER has not been elucidated yet. We show here that SK2 channels are present in ER membranes of neuronal HT-22 cells, and that positive pharmacological modulation of SK2 channels with CyPPA protects against cell death induced by the ER stressors brefeldin A and tunicamycin. Calcium imaging of HT-22 neurons revealed that elevated cytosolic Ca 2+ levels and decreased ER Ca 2+ load during sustained ER stress could be largely prevented by SK2 channel activation. Interestingly, SK2 channel activation reduced the amount of the unfolded protein response transcription factor ATF4, but further enhanced the induction of CHOP. Using siRNA approaches we confirmed a detrimental role for ATF4 in ER stress, whereas CHOP regulation was dispensable for both, brefeldin A toxicity and CyPPA-mediated protection. Cell death induced by blocking Ca 2+ influx into the ER with the SERCA inhibitor thapsigargin was not prevented by CyPPA. Blocking the K + efflux via K + /H + exchangers with quinine inhibited CyPPA-mediated neuroprotection, suggesting an essential role of proton uptake and K + release in the SK channel-mediated neuroprotection. Our data demonstrate that ER SK2 channel activation preserves ER Ca 2+ uptake and retention which determines cell survival in conditions where sustained ER stress contributes to progressive neuronal death. In eukaryotic cells, the endoplasmic reticulum (ER) is the subcellular site of protein folding and maturation 1 and the main intracellular calcium store of the cell. Since ER resident chaperones required for protein folding need high calcium concentrations for their activity, alteration of the ER calcium ([Ca 2+ ] ER ) homeostasis results in an imbalance between the capacity of the protein processing machinery and the amount of ER accumulating unfolded proteins, thereby leading to 'ER stress'. 2, 3 The increasing number of unfolded proteins inside the ER lumen provokes the dissociation of 78 kDa glucoseregulated protein (grp78) from three ER transmembrane receptors, namely PRKR-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6) and inositol-requiring enzyme 1 (IRE1), thereby initiating the unfolded protein response (UPR). This ER-specific stress response aims to maintain cell survival through different molecular pathways, such as attenuation of the translation initiation rate, enhanced protein folding or elimination of misfolded proteins. 4 Under conditions of prolonged or severe ER stress, however, the UPR switches from homeostatic feedback regulation towards proapoptotic signaling. 5 UPR was detected in post-mortem human brains of so-called protein-misfolding disorders, such as Parkinson's and Alzheimer's disease, suggesting that prolonged ER stress contributes to neurodegeneration. 6 Different pharmacological compounds modulated the UPR and protected against ER stress-induced apoptosis. 7 These include antioxidants 8, 9 indicating a close relation between ER stress and oxidative damage. 10 Additionally, pharmacological applications that interfere with alterations of the intracellular calcium homeostasis have a protective potential against ER stress-induced cell death. 11, 12 Several ER-located potassium channels are supposed to be important for [Ca 2+ ] ER uptake and release by maintenance of the countercurrent required for electroneutrality. 13 For instance, small-conductance calcium-activated potassium (SK) channels have recently been detected in the sarco-/ endoplasmic reticulum of cardiomyocytes and neurons, respectively, where they may regulate [Ca 2+ ] ER uptake.
14 However, the role of SK channels in conditions of [Ca 2+ ] ER disturbances and stress has not been elucidated yet. In the present study, we aimed to demonstrate the impact of SK2 channel activation on ER stress responses and the respective cell death pathways.
Results
Positive modulation of SK2 channels protects against brefeldin A-induced apoptosis in HT-22 cells. To study the role of SK channel activation on ER stress-mediated apoptosis, we first established a model for ER stress in immortalized HT-22 mouse hippocampal neurons. 15 To promote ER stress in HT-22 cells, we applied brefeldin A, a pharmacological ER stress inducer, which inhibits the protein trafficking in the endomembrane system and leads to accumulation of unfolded proteins in the ER lumen. 16 We challenged HT-22 cells for 24 h with brefeldin A at concentrations ranging from 1.5 to 5 μM ( Figure 1a ) and determined pronounced changes in cell morphology, cell viability as well as apoptotic cell death with 5 μM brefeldin A (Figure 1a-d) . To investigate the effects of SK channel activation in this model of ER stress-induced cell death, we applied cyclohexyl-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-pyrimidin-4-yl]-amine (CyPPA), a positive modulator of SK channels, selective for SK2 and SK3. 17 Since SK3 channels are not expressed in immortalized HT-22 cells, 18 the use of CyPPA allowed selective investigation of SK2 channel activation. Co-application of CyPPA (50 μM) with brefeldin A mediated a slight protection against ER stress-induced cell death (Supplementary Figure S1A) . However, pretreatment with CyPPA for 24 h inhibited the brefeldin A-induced changes in cell morphology (Figure 1b) and significantly reduced brefeldin A-mediated cell death at CyPPA concentrations ranging from 12.5 to 50 μM (Supplementary Figure S1B) , with 50 μM being the most potent concentration (Figure 1c and d) . We also investigated the effects of SK channel activation in other models of ER stress-induced toxicity, such as tunicamycin and thapsigargin. CyPPA protected cells against tunicamycin treatment (Supplementary Figure S2A) , an inhibitor of N-linked glycosylation, but not against the irreversible sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA) blocker thapsigargin (Supplementary Figure S2B) . To exclude substance-specific effects of CyPPA we applied two additional activators of SK channels, namely NS309 (6,7-dichloro-1H-indole-2,3-dione 3-oxime) and 1-EBIO (1-ethylbenzimidazolinone), and found significant reduction in brefeldin A and tunicamycin-induced toxicity, similar to the findings with CyPPA (Supplementary Figure S3) .
Next, we analyzed the effects of brefeldin A and CyPPA on caspase-12 cleavage. In murine cells, pro-caspase-12 is supposed to be mainly located in the ER membrane and being specifically cleaved under conditions of ER stress by calpains owing to increasing cytoplasmic calcium ([Ca 2+ ] cyto ) concentrations. 19, 20 Active caspase-12 activates the caspase cascade and ultimately induces apoptosis in a mitochondrial cytochrome c-independent manner. 21 In our studies, CyPPA alone did not affect the basal [Ca 2+ ] cyto levels, but reduced the moderate increase in [Ca 2+ ] cyto detected in brefeldin A-stimulated HT-22 cells (Figure 2a) . Furthermore, treatment with brefeldin A activated caspase-12 and caspase-3, while CyPPA pretreatment inhibited this effect (Figure 2b-e) . The use of the pan-caspase inhibitor Q-VD-OPh revealed the caspase dependency of brefeldin A-mediated cell death (Figure 2f and g). According to these data, SK2 channel activation reduces ER stress-induced and caspase-mediated cell death in neuronal HT-22 cells.
Activation of SK2 channels regulates the UPR system. Prolonged ER stress stimuli are associated with a sustained activation of the UPR pathway and its switch into proapoptotic signaling. 22 Therefore, we investigated next, whether SK2 channel activation by CyPPA may affect the UPR signaling under conditions of ER stress. Our main interest focused on the PERK pathway, which involves induction of the activating transcription factor 4 (ATF4) thereby controlling the expression of genes involved in cell death pathways, including CCAAT/enhancer-binding protein homologous protein (CHOP) and growth arrest and DNA damage-inducible protein GADD34. Additionally, we investigated ER-stress responses through unconventional mRNA splicing of X-box binding protein 1 (XBP-1), a transcription factor for genes involved in protein secretion and folding. 23 We found that brefeldin A promoted splicing of XBP-1 mRNA as well as induction of the proteins ATF4, CHOP and GADD34 within 4-6 h of ER stress induction, as measured by reverse transcription polymerase chain reaction (RT-PCR) and western blotting, respectively (Figure 3a-d) . The splicing of XBP-1 mRNA was almost completely prevented by CyPPA pretreatment (Figure 3a) . Interestingly, CyPPA pretreatment further enhanced the induction of CHOP protein (Figure 3c ) but did not affect the CHOP mRNA level (Supplementary Figure S4) , while it reduced the amount of ATF4 (Figure 3b ) and GADD34 protein (Figure 3d ) in HT-22 cell lysates. To address the role of CHOP and ATF4 in brefeldin A-induced cell death, we applied siRNA for specific gene silencing of these ER stress factors (Supplementary Figure S5) . In particular, we sought to investigate whether upregulation of the transcription factor CHOP was essential for the brefeldin A-induced apoptosis in HT-22 neurons and, additionally, whether the CyPPA-mediated CHOP expression was involved in the protective effects of the SK channel activator. After siRNA-mediated CHOP knockdown, we only detected a marginal reduction in brefeldin A-induced apoptosis, suggesting that CHOP induction might only play a minor role in brefeldin A toxicity in HT-22 cells. Furthermore, the protective effects of CyPPA were not altered in CHOPdeficient cells (Figure 3e ). In contrast to CHOP siRNA, knockdown of ATF4 significantly reduced brefeldin A-induced cell death in HT-22 cells (Figure 3f ). Therefore, we concluded a causal role for ATF4 and its downstream target GADD34, but not CHOP, in the detrimental effects of brefeldin A-induced ER stress in HT-22 cells.
ER stress-associated reactive oxygen species formation is reduced by SK2 channel activation. During ER stress, the increased reactive oxygen species (ROS) production in the ER lumen has been attributed to the enhanced disulfide bond reduction of the accumulating unfolded proteins. In addition, depletion of glutathione through disulfide bond formation stimulates mitochondrial oxidative phosphorylation which leads to enhanced mitochondrial ROS production, thereby further contributing to the impaired cellular redox homeostasis and death. 24 Here, brefeldin A strongly increased the percentage of HT-22 neurons with high levels of cytosolic ROS, measured by the fluorescent dye CM-H2DCFDA (Figure 4a CyPPA modulates mitochondrial bioenergetics but does not restore brefeldin A-mediated mitochondrial membrane depolarization. In early stages of ER stress, organelle coupling between ER and mitochondria facilitates On the other hand, the physical interaction of ER and mitochondria determines mitochondrial calcium overload and changes in mitochondrial morphology under conditions of prolonged ER stress. 26 Thus, we investigated the effects of SK2 channel activation on mitochondrial morphology and bioenergetics in ER-stressed HT-22 cells. It is well established that neuronal cell death is accompanied by fragmentation of the tubular mitochondrial network, loss of mitochondrial membrane potential (ΔΨm) and associated defects in mitochondrial bioenergetics. 18, 27 Brefeldin A (24 h) increased the amount of cells showing shortened and fragmented mitochondria in the perinuclear region ( Figure  5a and b), indicating mitochondrial damage in dying cells. 28 Additionally, brefeldin A exposure resulted in a slight depolarization of ΔΨm, decreased basal mitochondrial respiration, ATP production and spare respiratory capacity (Figure 5c -e). Treatment with CyPPA for 24 h had no impact on the ATP production as measured by luciferase-produced luminescence. However, prolonged treatment with CyPPA for 48 h lowered the generation of ATP (Figure 5d ). In line with our previous results, 29 CyPPA (24 h) strongly reduced the mitochondrial respiration ( Figure 5c ). Interestingly, CyPPA-induced loss of mitochondrial respiration was accompanied by an initial glycolytic boost detected by measurements of the extracellular acidification rate as an indicator of glycolysis (Supplementary Figure S6) . Although CyPPA pretreatment preserved mitochondrial integrity under Intracellularly located SK2 channels are involved in CyPPA-mediated protection. SK channel activation was shown to inhibit N-methyl-D-aspartate-induced intracellular Ca 2+ deregulation in differentiated neurons. [30] [31] [32] Initial measurements of the [Ca 2+ ] cyto levels ( Figure 2a) could not distinguish between Ca 2+ influx from extracellular space and the release from internal Ca 2+ stores, for example, the ER or mitochondria. Therefore, we sought to differentiate between effects mediated by activation of SK2 channels located at the plasma membrane which may attenuate toxic Ca 2+ influx from the extracellular space versus possible protective effects arising from the activation of SK2 channels located in intracellular compartments. Thus, we performed experiments in extracellular Ca SK2 channel activation protects against ER stress M Richter et al extracellular space was not the main mechanism in CyPPAmediated protection against ER stress-induced cell death.
To further support the protective potential of intracellularly located SK2 channels we used different SK channel blockers in the presence or absence of brefeldin A. Apamin is a commonly used, highly selective peptide presumed to block SK channels only at the level of the plasma membrane because it has an extracellular binding site. 14, 33 On the other hand, the non-peptide SK channel blocker UCL1684 is also capable of blocking intracellularly located SK channels. 14, 34 In the present study, only UCL1684 completely abolished the protective effects of CyPPA, while apamin failed to affect SK2 channels are located at the ER membrane and prevent brefeldin A-induced ER Ca 2+ depletion. To further investigate intracellular localization of SK2 channels, we co-transfected HT-22 cells with ER-targeted red fluorescence protein to visualize ER and simultaneously with green fluorescent protein (GFP)-tagged SK2 channels. Merged panels visualize partial co-localization of ER marker and GFP-labeled SK2 channels, indicating SK2 channel residence in HT-22 ER membranes (Figure 7a ). To further prove the topology of SK2 channels at the level of ER membranes, we performed subcellular fractionation analysis of HT-22 neurons. Besides plasma membrane and mitochondrial localization, 18 the utilized subtype specific antibody identified SK2 channel also at the ER microsome-enriched protein fraction (Figure 7b and Supplementary Figure S8 ). These data demonstrate an intracellular residence of SK2 channels at the ER membrane of neuronal HT-22 cells, with potential importance for the CyPPA-mediated protective effects against ER stress. 13 To test this hypothesis in our model of ER stress, we applied quinine and propranolol, two known blockers of the ER membrane located K + /H + exchanger, 14 and identified significant inhibition of the protective effects of SK2 channel activation in ER stress-induced cell death (Figure 7g,  Supplementary Figure S9 ).
Discussion
Our study demonstrates that activation of SK2 channels by CyPPA protects neuronal HT-22 cells against ER stressinduced apoptosis. We suggest that activation of SK2 channels located at the ER membrane (SK2ER) may prevent [Ca 2+ ] ER depletion and resulting cellular demise under conditions of prolonged ER stress.
ER stress-caused alterations in intracellular calcium homeostasis contribute to cell death via different mechanisms. Depletion of the [Ca 2+ ] ER stores disturbs protein folding inside the ER lumen, resulting in prolonged UPR activation and switching towards proapoptotic signaling. 11 In the present study, the use of brefeldin A resulted in significantly reduced [Ca 2+ ] ER stores in neuronal cells ( Figure 7 ) and enhanced the expression of the UPR proteins XBP-1, ATF4, CHOP and GADD34 (Figure 3 ). These findings are in line with previous studies showing that long-term treatment with brefeldin A caused a moderate reduction in steady-state [Ca 2+ ] ER levels in HeLA cells as well as in neuron-like NT-2 cells. 36, 37 Furthermore, it was previously shown that elevated [Ca 2+ ] cyto levels activated pro-caspase-12, thereby inducing the caspase signaling cascade independent of mitochondrial damage. 19, 38 Our study demonstrates that cleavage of caspase-12 was induced by brefeldin A (Figure 2b and c) , suggesting that the resulting apoptosis occurred independently of mitochondrial pathways of cell death. Similar to previous studies, 37 we found that brefeldin A treatment affects mitochondria only following 24 h treatment. Therefore, mitochondrial demise is likely more a late consequence than a major key decision point in ER stress-induced cell death.
We provide strong evidence that SK2 channels are located at the ER of HT-22 cells (Figure 7) . Furthermore, our results demonstrate major protective effects against ER stress by activation of intracellularly located SK2 channels ( Figure 6 ). Therefore, we conclude that SK2ER channels are a major target of CyPPA-mediated protection against ER stress. Generally, K + fluxes across the ER membrane are supposed to be important for [Ca 2+ ] ER influx and release to balance charge movements. 14, 39, 40 During the phase of [Ca 2+ ] ER uptake, SERCA activity is associated with an extrusion of protons. 41 Therefore, compensating mechanisms, responsible for proton re-entry, are thought to be necessary to prevent ER alkalization and enable Ca 2+ uptake by the SERCA pump, which has been shown to be inoperable with increasing pH. 42 (Figure 7g and Supplementary Figure S9) . In addition, cell death induced by the irreversible SERCA blocker thapsigargin could not be prevented by CyPPA (Supplementary Figure S2B) . These results suggested that activation of SK2ER channels determined K + entry from the cytoplasm into the ER lumen to allow for proton influx via the K (Figure 8 ). In line with our previous studies, 18, 29 SK channel activation elicits significant changes in mitochondrial function, including reduced basal respiration. Earlier studies indicate that neuronal apoptosis can be diminished by lowered mitochondrial respiration and ATP production. [43] [44] [45] [46] Here, the inhibitory effects on mitochondrial respiration were accompanied by an initial boost in glycolysis (Supplementary Figure S6) , which was previously associated with the protective properties of CyPPA pretreatment in oxidative damage. 29 However, further investigations are needed to clarify whether changes in mitochondrial respiration by SK channel activation contribute to the protective effects under conditions of ER stress.
Maintenance of Ca 2+ ER homeostasis may play an important role in the cellular antioxidant defense mechanism. 10 The 
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SK2 channel activation protects against ER stress M Richter et al as a secondary effect a mitochondrial Ca 2+ overload and ROS production. Moreover, decreases in [Ca 2+ ] ER stimulate oxidative protein folding in ER to cope with the increasing amount of unfolded proteins. These energy-dependent processes lead to an ATP depletion, mitochondrial oxidative phosphorylation and thus ROS production. 10 Here, the SK channel activator was able to partly reduce ROS formation and to prevent the moderate increase in [O 2 − ] m production only under prolonged (24 h) ER stress (Figure 4) . However, we conclude that the detected effects of CyPPA on mitochondrial morphology, function and bioenergetics are neither necessary nor sufficient to prevent ER stress-induced cell death.
Here, splicing of XBP-1 mRNA and enhanced expression of ATF4 and GADD34 was prevented by the use of CyPPA (Figure 3) . Previous findings demonstrated a correlation of the intracellular Ca 2+ homeostasis and the activation of the UPR. For example, in neuronal PC12 cells the activation of the UPR was enhanced when Ca 2+ ER store depletion was intensified by the use of BAPTA-AM in a model of thapsigargin-induced ER stress. 11 Further, the carbazole derivative 16-14 [9-(3-cyanobenzyl)-1,4-dimethylcarbazole], which was able to maintain PC12 cellular Ca 2+ homeostasis by compensation of the thapsigargin-induced [Ca 2+ ] ER release, also attenuated the UPR after ER stress stimuli. 12 Therefore, the modulating effects of CyPPA pretreatment on the different transcription factors linked to the UPR may also be attributed to the stabilization of intracellular Ca 2+ homeostasis. Surprisingly, the combinatory treatment of brefeldin A and CyPPA had synergistic effects on CHOP protein levels (Figure 3c ). Recent studies showed that, besides its role in promoting cell death, 22 CHOP could also inhibit apoptosis, suggesting a complex role of this transcription factor in certain cases. [47] [48] [49] In our model of ER stress, CHOP knockdown had only minor effects on apoptosis and it did not affect the protective potential of CyPPA (Figure 3e) . Therefore, we conclude that in our experimental settings enhanced expression of CHOP alone is not sufficient to promote cell death, but it is also not required for CyPPA-mediated protection. Recent studies demonstrated that adenovirus-mediated delivery of CHOP did not affect mouse embryonic fibroblast cell viability but enhanced expression of ATF4 decreased cell survival.
50
ATF4 directly binds to and trans-activates a conserved ATF site in the GADD34 promoter during ER stress, 51 resulting in the resumption of general translation and apoptosis. 52, 53 This is in line with our present finding that knockdown of ATF4, but not CHOP, protected against brefeldin A-induced cell death (Figure 3 ). It still remains unclear, how SK2 channel activation can exhibit diverse effects on sXBP1 and ATF4 on one hand, and CHOP proteins on the other. Previous studies revealed that CHOP can also be induced by different mechanisms, such as, for example, proteolysis of ATF6 or the induction of ATF2. 54, 55 Therefore, SK channel activation may initiate additional mechanisms that cause increased CHOP expression, independent of ATF4 and sXBP1. In fact, the additive effects of brefeldin A and CyPPA on CHOP protein levels support the conclusion that different pathways of protein regulation were involved.
Taken together, our study suggests a substantial role of SK2 channels in the regulation of [Ca 2+ ] ER uptake and retention with neuroprotective properties under ER stress conditions.
Materials and Methods
Cell culture. HT-22 cells were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin and 2 mM glutamine (all from PAA, Cölbe, Germany). One day after seeding, cells were pretreated with CyPPA 50 μM (Sigma-Aldrich, Munich, Germany) for 24 h. Afterwards the cells were treated with different concentrations of brefeldin A, 0.25 μM thapsigargin or 0.025 μg/ml tunicamycin (all from Sigma-Aldrich). Additional substances used were 25-100 μM NS309 (Sigma-Aldrich), 125 μM 1-EBIO (Sigma-Aldrich), 50 μM Q-VD-OPh (Merck Millipore, Darmstadt, Germany), 10 μM apamin (Latoxan, Valence, France), 50 μM UCL1684 (Tocris Bioscience, Bristol, UK), 25 μM quinine (SigmaAldrich) or 25 μM propranolol (Sigma-Aldrich) in DMEM with or without calcium.
Cell viability assay. Cell viability was investigated in a 96-well plate format using the colorimetric MTT reduction assay. MTT solution (0.5 mg/ml) (SigmaAldrich) was applied to the cells for 1 h. Afterwards, the MTT containing medium was entirely removed and incubated for 1 h at − 80°C. After adding DMSO for dye solution and incubation for 1 h at 37°C, the absorbance was determined with a FLUOstar Optima reader (BMG Labtech, Offenburg, Germany) at 570 nm with a reference filter at 630 nm. Untreated control was regarded as 100% cell viability.
Cell death assays. For AnnexinV/PI double staining, the cells were cultured in a 24-well plate format and harvested by using Trypsin/EDTA after treatment. Cells were incubated in binding buffer containing AnnexinV-FITC and propidium iodide (PI) (PromoKine, Heidelberg, Germany) at room temperature for 10 min. Flow cytometric analysis was performed with excitation at 488 nm and emission at Reverse: 5′-CCGTTTCCTAGTTCTTCCTTGC-3′ Detection of oxidative stress. Assays for intracellular oxidative stress were performed by flow cytometry using the Guava Easy Cyte 6-2 L system (Merck Millipore). The fluorescence was always excited using a 488 nm UV line argon laser. Data were collected from at least 5000 cells.
For measurements of the cytosolic ROS concentration CM-H2DCFDA (Invitrogen), the reduced and acetylated form of DCF was used. Cells were loaded with 2.5 μM dye in serum-deprived medium for 30 min, followed by 30 min incubation without dye in FCS-containing DMEM. The fluorescence was detected at 525/530 nm using the green filter.
For detection of the mitochondrial superoxide concentration [O 2 − ] m cells were incubated for 30 min with 2.5 μM MitoSOX red (Invitrogen). The fluorescence was detected at 690/50 nm using the red filter.
Mitochondrial morphology. Cells were incubated with 250 μM MitoTracker Deep Red (Sigma-Aldrich) for 30-40 min. After fixation with paraformaldehyde, the red fluorescence was excited at 620 ± 60 nm and emission was detected at 700 ± 75 nm. For each condition 500 cells were counted. Mitochondrial morphology was assessed and classified into three different categories. Category I are elongated, tubulin-like mitochondria, category II large-fragmented mitochondria, and category III represents cells with small-fragmented mitochondria which are located only around the nucleus. Representative images were taken by a confocal laser scanning microscope (Leica SP5; Leica, Wetzlar, Germany).
Measurement of cellular oxygen consumption rate and extracellular acidification rate. Oxygen consumption rate measurements were carried out using different agents (Oligomycin, FCCP, Rotenone and Antimycin A) from the Mitochondrial Stress Kit, as previously described with minor modifications. 44 Briefly, HT-22 cells were seeded in XF96-well cell culture microplates (Seahorse Bioscience, North Billerica, MA, USA) at 10 000 cells/well in 4.5 g/l glucose-containing media and incubated at 37°C and 5% CO 2 for~20 h. Before the measurements were made, the growth medium was washed off and replaced with~180 μl of assay medium (with 4.5 g/l glucose as the sugar source, 2 mM glutamine, 1 mM pyruvate, pH 7.35) and cells were incubated at 37°C for 60 min. Three baseline measurements were recorded before the addition of compounds. Oligomycin (20 μl) was injected at a final concentration of 3 μM, FCCP (22.5 μl) at a concentration of 0.4 μM and Rotenone/Antimycin A (25 μl) at a concentration of 1 μM. Three measurements were performed after the addition of each compound (4 min mixing followed by 3 min measuring).
Regarding extracellular acidification rate (ECAR) measurements, three baseline measurements were recorded before the addition of vehicle or CyPPA (50 μM). The measurements were performed in assay medium supplemented with 4.5 g/l glucose as the sugar source, 2 mM glutamine, 1 mM pyruvate, pH 7.35. ECAR values were recorded for 6 h (4 min mixing followed by 3 min measuring, with a waiting interval of 15 min between measurements). ATP measurements. Determination of ATP levels was performed by ViaLightTM plus kit (Lonza, Walskerville, MI, USA) in luminescence compatible 96-well plates according to the manufacturer's protocol. Luminescence was measured with a FLUOstar Optima reader (BMG Labtech).
Measurement of ΔΨm. Loss of the ΔΨ m was determined by TMRE (tetramethylrhodamine, ethyl ester, perchlorate) fluorescent dye (Sigma-Aldrich). The cells were harvested with trypsin/EDTA and incubated for 30 min with 0.2 μM TMRE. CCCP (50 μM) was used as a positive control. The assay was performed with flow cytometric analysis using the Guava Easy Cyte 6-2 l system (Merck Millipore). The fluorescence was excited at 488 nm and emission was detected at 690/50 nm using the red filter. Data were collected from 5000 cells each condition.
Plasmid transfection and immunostaining. For analysis of SK2 channel localization, HT-22 cells were seeded on cover slips (25 mm diameter) in a six-well plate format at a density of 120 000 cells. HT-22 cells were transfected with ER-targeted red fluorescence protein (kindly provided by Prof. Erik Snapp) and GFP-tagged SK2 channel (kindly provided by Prof. Bernd Fakler) using an attractene transfection protocol (Qiagen, Hilden, Germany). Forty-eight hours after transfection cells were fixated with 4% paraformaldehyde. Images were acquired using a confocal laser scanning microscope (Leica SP5; Leica). SK2-GFP fluorescence was excited at 488 nm, and emissions were detected between 500 and 535 nm bandwidth. Red fluorescence was detected by excitation at 633 nm and emission between 640 and 750 nm. Co-localization was assessed with ImageJ.
